A cloned 17.3-kilobase region of the Rhizobium meliloti genome with homology to the Klebsiella pneumoniae nitrogenase structural genes was studied. Limits on the extent of homology were determined. Transposon mutagenesis of this region of the genome verified that it contained functional nif genes. Some transposon insertions resulted in a defective symbiotic phenotype, whereas others had no noticeable effect on symbiotic competence. The relative positions of insertions yielding these two phenotypic classes suggested that at least three distinct units of gene expression are present in this region. Hybridization of RNA from alfalfa root nodules and from vegetatively grown Rhizobium to this cloned DNA showed that at least 11
A cloned 17.3-kilobase region of the Rhizobium meliloti genome with homology to the Klebsiella pneumoniae nitrogenase structural genes was studied. Limits on the extent of homology were determined. Transposon mutagenesis of this region of the genome verified that it contained functional nif genes. Some transposon insertions resulted in a defective symbiotic phenotype, whereas others had no noticeable effect on symbiotic competence. The relative positions of insertions yielding these two phenotypic classes suggested that at least three distinct units of gene expression are present in this region. Hybridization of RNA from alfalfa root nodules and from vegetatively grown Rhizobium to this cloned DNA showed that at least 11.1 kilobases of the region was transcribed actively and that transcription was specific for the symbiotic state.
Although the ability to reduce atmospheric nitrogen to NH4' (nitrogen fixation) occurs in several procaryotic genera (3), the physiological conditions necessary for nitrogen fixation vary from genus to genus. Members of the genus Rhizobium are unique in their ability to fix nitrogen during symbiosis with leguminous plants. The events leading to root nodule formation and culminating in nitrogen fixation are very complex, involving many biochemical, physiological, and morphological changes in both the infecting bacterium and the plant host (2) . The genetics and molecular biology of this complex process are not well understood.
Previously we described the construction of a gene bank of Rhizobium meliloti by using the broad-host-range cloning vector pRK290 (6) . This bank is maintained in Escherichia coli as a collection of approximately 1,300 individual hybrid plasmids representing 98% of the R. meliloti genome. As a preliminary test of the bank, we used colony hybridization to identify cloned Rhizobium DNA homologous to the nitrogenase structural genes ofKlebsiella pneumoniae (6) . In this paper we further define the homology region and characterize the DNA encompassing this region as part of an R. meliloti nifgene cluster.
MATERIALS AND METHODS
Bacteral sains. The E. coli strains used were HB101 pro leu thi lacYStrr endoI recA hsdR hsdM and 3906::TnS lac uvrB Strr (A); the latter was obtained from M. Silvermann. R. meliloti 102F34 was provided by the Nitragin Co., Milwaukee, Wis. R. meliloti 102F34 nal was isolated as a spontaneous mutant resistant to 10 ,ug of nalidixic acid per ml.
Media. E. coli cells were grown in LB medium. Rhizobium cells were routinely cultured in yeast mannitol medium containing the following (in grams per liter): K2HPO4, 0.5; MgSO4 * 7H20, 0.2; NaCl, 0.1; yeast extract (Difco Laboratories, Detroit, Mich.), 1.0; mannitol, 10.0. Rhizobium cells from which RNA was to be isolated were cultured in minimal medium (RMin medium) containing 1 g of glutamate per liter as the sole source of nitrogen (21) . Antibiotics were used in the selection media at the following concentrations: tetracycline (Tc), 15 p,g/ml for E. coli and 5 p.g/ml for rhizobia; kanamycin and neomycin (Nm), 50 ,ug/ml; nalidixic acid (Nal), 10 ,ug/ml; gentamicin (Gm), 25 p,g/ ml.
Plasmids. pRK290 is a broad-host-range cloning vector belonging to the P-1 incompatibility group, contains single BgIII and EcoRI restriction enzyme sites, and confers resistance to tetracycline (6) . pPHIJI was provided by J. Beringer. pPHIJI belongs to the P-1 incompatibility group and confers gentamicin resistance, spectinomycin resistance, and lowlevel streptomycin resistance (1). pRK657 is a 9.3-kilobase (kb) derivative of pBR322 that contains a BglII site within an EcoRI insertion (R. Kolter, Ph.D. thesis, University of California, San Diego, 1979).
CoiJugal matings. Patch matings were performed by mixing loopfuls of donor and recipient cells together on a nonselective agar medium and incubating these mixtures for 3 to 6 h at 300C. Transconjugants were selected by streaking the mating mixture onto an appropriate selective medium.
DNA Isolation. Plasmid DNA for cloning and restriction enzyme mapping was isolated from E. coli by lysozyme-Sarkosyl lysis followed by dye-cesium chloride gradient centrifugation (14) . Plasmid DNA for clonal analyses was prepared by a cleared-lysate procedure (14) . Total genomic DNA was isolated from Rhizobium as follows. Cells grown for 48 h on agar medium were suspended in TE buffer (50 mM Tris, pH 8.0, 20 mM EDTA) and lysed in a solution containing 500^&g of pronase per ml and 1% Sarkosyl at 37°C. The lysate was sheared by blending in a Vortex mixer at the maximum setting for 1 min, extracted twice with phenol and three times with ether, and finally dialyzed into 6 mM Tris (pH 7.4)-10 mM NaCI-0.1 mM EDTA. Transposo Insertions. Plasmids in which TnS insertions were desired were transformed into E. coli 3906::TnS. Plasmid DNAs were then isolated from liquid cultures of these strains and used to transform E. coli HB101 for kanamycin resistance. These transformants carried plasmids into which TnS was inserted.
RNA solatin. Steady-state (total) RNA was isolated from 24-day nodules or from Rhizobium cultures grown in RMin medium containing glutamate. In the case of the nodules, freshly picked nodules were first frozen in liquid nitrogen and then pulverized with a cold mortar and pestle. Cells or ground nodules were suspended in 50 mM Tris (pH 7.4) or 50 mM Tris (pH 7.4)-0.5 M mannitol, respectively, and brought to 2% sodium dodecyl sulfate (SDS). These preparations were immediately placed into a boiling water bath for 10 min. The nonviscous lysate was cooled to room temperature, brought to 0.5 M NaCl, and extracted twice with phenol and twice with chloroform-isoamyl alcohol (24:1); then the nucleic acids were precipitated with an equal volume of isopropanol. After the sample was dissolved in 6 mM Tris (pH 7.4)-10 mM NaCI-0.1 mM EDTA, it was heated briefly to 100°C, suspended in 0.5 M NaCl, and passed over a nitroceliulose column to remove residual contaminating DNA. The RNA was then precipitated with 2 volumes of ethanol, collected, and dissolved in water to a concentration of approximately 2 to 3 mg/ml.
-Hybrkidzation probes. In vitro 32P-labeling of plasmid DNA or purified restriction fragments was accomplished by using the nick-translation procedure described by Rigby et al. (23) . Steady-state RNA was labeled in vitro by phosphorylating partially hydrolyzed RNA with [y-3 P]ATP, using T4 polynucleotide kinase (8) . 32P-labeled newly synthesized RNA was prepared both from bacteroids from 24-day nodules and from Rhizobium cells grown vegetatively in RMin medium containing glutamate, as follows. Bacteroids were first isolated from nodules by sucrose gradient centrifugation, using the method of Van Den Bos et al. Filter hybridizations. After digestion with an appropriate restriction endonuclease, DNA was electrophoresed in horizontal 0.6 to 0.8% agarose gels and then transferred to nitrocellulose sheets (type HA; Millipore Corp., Bedford, Mass.) by the method of Southern (30) . The DNAs from bacterial colonies were transferred to Whatman no. 540 filter disks by the method of Grunstein and Hogness (9) . Filters to be probed with DNA were pretreated, hybridized, and washed at 37°C in a mixture containing 55% formamide (J. T. Baker Chemical Co., Phillipsburg, N.J.) deionized with Amberlite MB-1, 4x SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 0.4% SDS, Denhardt solution (5), and 250 ,ug of single-stranded salmon sperm DNA per ml.
Filters to be probed with RNA were pretreated and hybridized at 37°C in a mixture containing 55% formamide, 4x SSC, 0.4% SDS, and 250 ,ug of total E. coli RNA per ml. The filters were washed after hybridization four times at room temperature in 2x SSC to remove the hybridization buffer and then treated for 20 min at room temperature with 10 ,ug of preboiled pancreatic RNase per ml in 2x SSC to remove any unhybridized probe. Finally, the filters were washed twice at room temperature in 0.4% SDS-2x SCC. Kodak OG film was exposed to the ifiters with a Kodak Lanex Regular intensifying screen.
RNA-driven hybridIzations. Increasing amounts of RNA were hybridized to 32P-labeled nick-translated DNA in 0.01 M PIPES [piperazine-N,N'-bis (2-ethanesulfonic acid)] (pH 6.8)-0.9 M NaCI-0.1% SDS for 3.5 h at 60°C. At the end of the reaction, unhybridized DNA was removed by digestion with S1 nuclease, and the samples were analyzed by the DE81 filter procedure of Maxwell et al. (18) . Values obtained in this manner were corrected for both self-hybridization of the probe and hybridization driven by trace amounts of genomic DNA contaminating the RNA. This was accomplished by using an equivalent amount of basehydrolyzed or RNase-treated RNA as the driver in otherwise identical reactions. Subtraction of corresponding values yielded the RNA-specific hybridization value for each point. Input counts for each hybridization were first corrected for probe reactability.
Plant tests. Alfalfa seeds (Medicago sativa cv. Moapa) were obtained from Germaines, Inc., Fresno, Calif. The seeds were surface sterilized (32) and planted in vermiculite in sterilized 250-ml Leonard jars (J. Burton, personal communication) at a concentration of 15 seeds per jar. Rhizobium cells grown for 48 h on yeast mannitol agar plates and suspended in sterile water served as the inoculum. Plants were fed the nitrogen-free plant medium described by Schwinghamer (28); 13 to 15 seeds germinated in each jar. Plants were assayed 6 weeks after germination. The nitrogenase activity of the roots from the 13 to 15 plants in each Leonard jar was determined by the acetylene-ethylene assay (10 
RESULTS
Mappig nf DNA In R. meliod. The nitrogenase structural gehes of K. pneumoniae have been cloned as a 6.0-kb EcoRI fragment in plasmid pSA30 (4) . We have used pSA30 as a hybridization probe to detect nitrogenase gene homology in our R. meliloti gene bank (6) . One clone of the bank (designated pRK290.375) was identified and found to contain a cluster of six BglII fragments that represented 25.5 kb of the R. meliloti genome (Fig. i) (Fig. 2) .
Hybridization of pSA30 to various restriction enzyme digests of this cloned region showed that the homology was contained entirely within the 3.6-kb BglII fragment. The strongest homology occupied the region between the rightmost EcoRI site and the Hindlll site. Weaker homologies lay between these sites and the ends of the 3.6-kb Bglll fragment (Fig. 2) .
Clustering The symbiotic phenotypes of the resulting TnS-containing rhizobia were tested. Alfalfa plants were inoculated and grown as described above. Symbiotic phenotypes were determined at 6 weeks after germination. The properties examined were the ability to nodulate roots, gross nodule phenotype, overall plant growth in the absence of a source of fixed nitrogen, and nitrogenase activity as measured by the acetylene reduction reaction.
Plants inoculated with wild-type R. meliloti 102F34 nal(pPHUI) served as positive controls. A strain carrying pPHUI was used since the strains retained this plasmid after the marker exchange procedure. At 6 weeks after germination the positive controls had pink nodules and showed substantial growth and normal nitrogenase activity.
Uninoculated plants served as negative controls. At 6 weeks after germination these plants had no nodules, showed neglible growth, and were devoid of nitrogenase activity.
Of the eight potential mutants examined ( Fig.  2 Fig. 2 .
b The values are means of two experimental values, each of which was determined from a total of 13 to 15 alfalfa plants grown together in a single Leonard jar.
and Fix-phenotypes also showed that there were at least three separate units of gene expression encoded in this region.
Transcription from R. meloi nif DNA. Recently, Krol et al. (15) have shown that the expression of the nitrogenase structural genes in Rhizobium leguminosarum is controlled at the level of transcription. We analyzed the transcription of cloned R. meliloti nfDNA to determine how much of this DNA, if any, was expressed specifically during symbiosis. Two types of RNA were used in these experiments; they are referred to below as steady-state RNA and newly synthesized RNA.
Steady-state RNA was the total RNA extracted either from R. meliloti cells grown vegetatively in minimal medium containing glutamate as the nitrogen source (vegetative steady-state RNA) or from nodules from 3-week-old plants infected with R. meliloti 102F34 (nodule steadystate RNA). When used as a hybridization probe, this RNA was partially base hydrolyzed to generate free 5'-hydroxyl ends that could be phosphorylated with [y-32P]ATP (8) . The results of experiments with steady-state RNA reflected the relative abundance ofthe transcripts in question.
Newly synthesized RNA was RNA labeled in vitro either from cells grown vegetatively as described above (vegetative newly synthesized RNA) or from purified bacteroids from 3-weekold nodules (bacteroid newly synthesized RNA). In both cases, the cells were pretreated with toluene to make them permeable to [a-32P]UTP (see above). Labeling was done in the presence of rifampin so that only preinitiated transcripts were labeled. The results of experiments with newly synthesized RNA reflected the relative rate of production of the transcripts in question.
32P-labeled bacteroid newly synthesized RNA hybridized to Southern blots of all of the cloned BgllI fragments in pRK290.720 and pRK290.898 (Fig. 3) . Hybridization to the 0.5-kb fragment was detected only when larger quantities of DNA were used. Hybridization of 32P-labeled vegetative newly synthesized RNA to the 3.6-, 2.7-, 2.4-, and 0.5-kb BglII fragments was never detected. However, in the case of the 8.1-kb BglIl fragment, very faint hybridization with this RNA was observed in some experiments. Vegetative newly synthesized RNA was capable of hybridizing with varying degrees of intensity to Southern blots of cloned DNA representing other regions of the R. meliloti genome (data not shown). Apparently, this nif DNA region was transcribed actively during symbiosis and was shut off almost entirely during vegetative growth.
32P-labeled nodule steady-state RNA also hybridized to all of the cloned Bglll fragments in pRK290.720 and pRK290.898. Hybridization to the 3.6-kb fagment was more intense than hy- (Fig. 4) (Fig. 2) . Using another ====-, strain of R. meliloti, Ruvkun and Ausubel (26) found that nitrogenase structural gene homology was limited to 1.6 kb of the end of a 3. (7, 17, 19, 20, 24) , which [A to any are clustered within 24 kb of DNA (4 (16) . In the ableast 76% sence of a source of fixed nitrogen, nf gene rum DNA products are synthesized, whereas in the presi the root ence offixed nitrogen none can be detected (25) . epresent-Expression of the nitrogenase structural genes trast, the of R. leguminosarum is controlled at the level of ady-state transcription (15) . Our RNA-DNA hybridization between results show that 76% (11.1 kb) of the R. meliloti DNA cloned in pRK290.720 is specifically transcribed in root nodules. In addition, we know from Southern hybridization studies that a portion of the 2.7-kb BglII fiagment which is not represented in pRK290.720 is also specifically transcribed during symbiosis (Fig. 3) . Based on the estimated sizes of nitrogenase polypeptides from other species of Rhizobium (12, 29, 33) , approximately 3.6 kb of DNA would be required to encode a nitrogenase complex of similar size in R. meliloti. These data are consistent with our Tn5 mutagenesis results which indicated that nifspecific functions in this region extend beyond the nitrogenase structural genes.
We detected both the appearance of newly synthesized transcripts and a marked increase in abundance of transcripts from this cloned region specifically during symbiosis. Although the absolute level of transcription from this DNA during vegetative growth cannot be determined from Fig. 4 
